Hybridization gap and anisotropic far-infrared optical conductivity of URu2Si2 
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We performed far-infrared optical spectroscopy measurements on the heavy fermion compound 
URu2Si2 as a function of temperature. The light's electric-field was applied along the a-axis or the 
c-axis of the tetragonal structure. We show that in addition to a pronounced anisotropy, the optical 
conductivity exhibits for both axis a partial suppression of spectral weight around 12 meV and 
below 30 K. We attribute these observations to a change in the bandstructure below 30 K. However, 
since these changes have no noticeable impact on the entropy nor on the DC transport properties, 
we suggest that this is a crossover phenomenon rather than a thermodynamic phase transition. 

PACS numbers: 71.27.+a, 78.30.Er, 75.30.Mb, 71.45.-d 



I. INTRODUCTION 

For more than two decades the heavy fermion com- 
pound URu2Si2 has attracted special interest due to a 
very rich phase diagram as function of temperature, mag- 
netic field and pressure^^^l. In particular, as a function 
of temperature, two clear jumps were observed by spe- 
cific healP. One occurs at ~ 1.5 K and is associated 
to a superconducting transition, the other takes place 
at T/fo = 17.5 K and is attributed to a hidden order 
(HO) transition whose order parameter is still uniden- 
tified despite numerous theoretical and experimental ef- 
forts. For many years, the order parameter has been as- 
sociated with a small antiferromagnetic moment (SMAF) 
of ^ 0.03 fiB per U atom observed below ^H(^^ but re- 
cent NMRP and /z-SRP measurements revealed that this 
magnetic moment is strongly sam ple dependent and dis- 
appears in stress-free samples^. 

It is believed that the HO transition is concomitant 
with a reconstruction of the Fermi surface (FS). This is 
supported for instance by specific healP, resistivitjEEl and 
inelastic neutron scattering (INS^^^lt^. The exponential 
behavior of the two first quantities below "Tho clearly 
indicates the opening of a partial gap in the density of 
states whose amplitude is of about 10 meV. Finally, at 
low temperature, URu2Si2 is a compensated semimetal 
with a low carrier density (~ 6 x 10^" cm~'^) but with a 
high mobilitjff^HHI 

The physics of URu2Si2 is shaped by two main ingre- 
dients: itinerant s-d electrons and more localized mag- 
netic 5/ electrons. Below the coherence temperature 
Tco/i —70 K: the conduction electrons hybridize with the 
more localized magnetic /-electrons and experience an 
important mass enhancement. Here the magnetic mo- 
ments of the / atoms tend to form a coherent state and 
the renormalized conduction electrons behave as a Fermi 
liquid. For the HO phase, recent theories point to a dual 
itinerant and localized description and propose a wide va- 
riety of order parameters such as spin or charge density 



waves^I^SI^, orbital antiferromagnetisnP^ or multipolar 
ordersl2H23!_ Recent fully itinerant band structure cal- 
culations propose that symmetry breaking induced by a 
dynamic dynamic mode of AF moment excitations cause 
the HO gap^. Furthermore, spin nematic^- and hy- 
bridization wave^Sl order parameters have also been pro- 
posed. In this context, far-infrared optical spectroscopy 
is a powerful tool to explore how the itinerant s-d elec- 
trons and the localized magnetic /-electrons interact in 
URu2Si2, as it probes the spectral distribution of the 
charge carriers. 

Here we present far-infrared reflectivity measurements 
with the electric component of the electromagnetic field 
polarized along the a-axis and the c-axis of URu2Si2's 
tetragonal structure. In addition to a pronounced 
anisotropy we observe a partial suppression of the op- 
tical conductivity for both axis at around 12 meV and 
below ^ 30 K. This behavior appears to be a precursor 
of the HO phase transition at 17.5 K. 



II. EXPERIMENTAL 

The single crystal was grown with the traveling 
fioating-zone technique at the Amsterdam/Leiden Cen- 
tei^^. The DC resistivity of the sample clearly exhibits 
the HO transition at 17.5 K. The crystal was oriented by 
X-ray Laue diffraction, cut with a diamond saw along the 
ac-plane and polished. The reflectivity was measured for 
light propagating perpendicular to this plane. The di- 
rection of the light's electric field E was selected by a 
grid-wire gold polarizer with an accuracy better than 2° 
along the a- or c-axis. Measurements were performed 
combining infrared refiectivity (30 - 7000 cm~^) and el- 
lipsometry (6000 - 45000 cm^^) (1 eV = 8065.8 cm^^). 
The sample was mounted in a helium fiow high vacuum 
cryostat. The cryostat design is optimized to obtain very 
high position stability of the sample and permits mea- 
surement of details of the temperature dependence of the 



reflectivity such as shown in Fig. [2J The price one pays 
is that the lowest temperature reached is ~ 10 K. In situ 
gold evaporation on the sample allowed us to extract the 
absolute value of the reflectivity by computing the ra- 
tio of the signal measured on the sample by the signal 
measured on the gold layer. Two different ways of scan- 
ning temperature were used: (i) various stabilized tem- 
peratures, where reflectivity spectra were measured at 11 
temperatures between 15 K and 280 K stabilized within 
± 0.5 K and (ii) continuous sweeping down and up of the 
temperature, where the constant rate was such that one 
measurement corresponds to a temperature interval of 1 
to 2 K. The reflectivity obtained with the two types of 
acquisition match exactly for the corresponding temper- 
atures. The thickness of the sample (~ 4 mm) caused a 
difference in temperature of ~ 5 K, at the lowest tem- 
perature reached, between the surface of the sample and 
the cold finger. This difference was calibrated by com- 
paring the DC resistivity with the zero frequency limit 

of l/(Ji{uj). 



III. RESULTS 

The far-infrared optical reflectivity of URu2Si2 for elec- 
tric field applied along the a- or the c-axis is displayed in 
panel (a) and (b) of Fig. IT for four different temperatures. 
The reflectivity measured along the a-axis is consistent 
with data at the same temperatures reported by Bonn et 
aV^. There is a pronounced anisotropy between the a- 
and c-axis. First, as anticipated from resistivity measure- 
ments, the c-axis is the most metallic one with a higher 
value of reflectivity. Second, two phonons are observed 
along the a-axis at 13.5 meV (109 cm^^) and 47 meV 
(380 cm"'^), while a third different one is observed along 
the c-axis at 42.4 meV (342 cm^^). The positions of the 
phonons do not show any sizeable temperature depen- 
dence. In contrast, a minimum develops near 20 meV as 
the temperature decreases. This minimum is more pro- 
nounced along the a-axis and is already clearly distin- 
guishable in the 24 K spectrum, which is well above the 
HO temperature T^ho — 17-5 K. As the minimum devel- 
ops, the reflectivity strongly increases at low frequency. 
One would expect the reflectivity at low frequency to de- 
crease if the minimum were caused by a spin- or charge 
density wave^. The increase of reflectivity signals that 
part of the FS remains ungapped, and that scattering is 
suppressed at the same time that the minimum develops. 
A dip in the reflectivity at 5 meV (42 cm ~^) d evelops 
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below below 17.5 K in the a-axis reflect ivitj^sUSMSU^ -^g 
have also observed this feature, which is just below the 
temperature and frequency ranges displayed in Fig.fl] on 
the same crystal and the same geometry of electromag- 
netic fleld and sample surface in a separate setup where 
the sample was immersed in He contact gas for temper- 
atures down to 5 K. 

The temperature dependence of the a-axis reflectivity 
for selected energies is presented in Fig. [2] Cooling down 
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FIG. 1. (Color online) Optical far-infrared reflectivity 
along the a- and the c-axis as a function of frequency 
for different temperatures. The reflectivity is anisotropic. 
Two phonons are observed along the a-axis at 13.5 meV 
(109 cm~^) and 47 meV (380 cm~^), one is observed along 
the c-axis at 42.4 meV (342 cm~^). 



to 30 K the reflectivity presents a slow and continuous de- 
crease with temperature in the energy range 20-30 meV. 
However, for frequencies between ~ 10 and ~ 30 meV the 
reflectivity exhibits a noticeable drop of almost 2% when 
the temperature is lowered below T* w 30 K, indicating a 
signiflcant change of the electronic properties of URu2Si2 
around this temperature. The abrupt change of tempera- 
ture dependence at 30 K was conflrmed by repeating the 
same measurement several times. We obtained the same 
temperature dependence for measurements sweeping the 
temperature up and sweeping it down, ruling out ther- 
malization issues. The reflectivity along the c-axis (not 
shown) presents the same behavior but with a smaller 
amplitude of the change below T* ~30 K. 

The optical conductivity shown in Fig. [3] for electric 
fleld along the a- and the c-axis was determined using the 
Kramers-Kronig relations. The thin dashed lines which 
extend to zero frequency are Drude-Lorentz flts 
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FIG. 2. (Color online) Temperature dependence of the 
a-axis reflectivity for selected energies. The temperature 
T* of the crossover behavior is determined by the crossing of 
the two straight dotted lines. 
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Lorentz oscillator. As the temperature is decreased, a 
clear minimum in <7i{uj) develops around 15 meV along 
the a-axis. A similar, but less marked minimum occurs 
along the c-axis near 11 meV. Accompanying this loss of 
spectral weight (SW), there is a development and a nar- 
rowing of the Drude peak, i.e. the peak centered at zero 
frequency which corresponds to intra-band processes at 
the Fermi level (ep) and thus is the free carrier signature. 
The width of this peak is proportional to the scattering 
rate 1/r of the free carriers. Consequently, given that 
the effective mass is smaller in the HO phase than in the 
"normal" state as deduced from specific heat measure- 
mentP, the fact that the peak narrows indicates that the 
carriers become more mobile. 

The coherent part of the free carrier optical conduc- 
tivity is given by the j = component in Eq. [l] with 
ujo — 0, the corresponding spectral weight of which is 
given by the fitted uj^. This procedure separates the co- 
herent part of the free carrier response from finite fre- 
quency modes partly overlapping with the zero-frequency 
mode. The fitted ujp are displayed in Fig. H for both 
a- and c-axis together with the corresponding relaxation 
rates 1/t. Along both axes a sharp drop of ojp and l/r 
is observed at a temperature T* ~ 30 K, almost two 
times T/zoi indicating that the electronic structure be- 
gins to change. Accordingly, our analysis indicates that 
both the width of the Drude peak and its area reduce be- 



FIG. 3. (Color online) Real part of the optical conduc- 
tivity along the a- and the c-axis as a function of 
frequency at different temperatures. The thin dashed lines 
which extend to zero frequency are Drude-Lorentz fits. The 
measurements were performed down to 4 meV. 



low T* along both axes, which strongly points to a large 
decrease of the carrier density. Hence, surprisingly, at a 
temperature almost two times Tho the electronic struc- 
ture begins to change and a partial gap develops around 
10 meV. The anisotropy of the spectral weights shown in 
the inset of left upper panel in Fig. |4] amounts to a factor 
of ~ 0.4 for T > 90 K, and does not change significantly 
as the temperature is swept though 30 K. Turning now 
to the relaxation rates, we see from the inset of the left 
lower panel in Fig. |4] that the relaxation rate is isotropic 
above 30 K, but becomes progressively more anisotropic 
(ra' /r-'- 2) below T*. 

In Fig. [5] the temperature-frequency colormap of the 
conductivity cri(w) above Tho along a- and c-axis high- 
lights in blue the loss of SW that develops as the tem- 
perature decreases. The significant loss of SW starts 
at around T"^ ~30 K, i.e. far above the HO tempera- 
ture Tho — 17.5 K. The loss of SW is maximum at a 
frequency which is slightly different along the two axis 
and equals ~ 15 meV (120 cm""'^) along the a-axis and 
~ II meV (90 cm~^) along the c-axis, which corresponds 
to the 10 meV gap estimated by specific heat at the HO 
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FIG. 4. (Color online) Free carrier spectral weights (up 
panels) and relaxation rates (bottom panels) along 
the a- and the c-axis as a function of temperature 

extracting from the Drude-Lorentz fits. The insets present 
the ratio of each quantity between a- and c-axis. 



transition. The sudden suppression of optical conductiv- 
ity takes place far below Tcoh —70 K, and the question 
whether or not there is a relation to the hybridization gap 
opening at Tcoh, needs to be examined carefully. For the 
purpose of this discussion we reserve the label "pseudo- 
gap" for the suppression of optical conductivity, i. e. an 
incomplete suppression of density of states not necessar- 
ily due to a spontaneous symmetry breaking and/or a 
phase transition^. 

The frequency dependence of the scattering rate de- 

2 

fined as 1/t{uj) = 4:^^6(57^) for both axes, obtained 
according to the extended Drude formalisrrl^, is shown 
in Fig. [6| We used the plasma frequencies tUp = 496 meV 
and LUp = 793 meV for a- and c-axis respectively, accord- 
ing to the Drude weight measured at 20 K (see Fig. El. 
It is important to note that, while the absolute value of 
l/r(w) depends on the choice of Wp, the shape of the spec- 
tra is robust. One can see that at 100 K, the scattering 
rate is almost constant for the a-axis whereas it increases 
monotonically with frequency for the c-axis. Neverthe- 
less, little occurs as a function of decreasing temperature 
until T* ~ 30 K is reached. Contrary to what is nor- 
mally expected, one observes that below ^30 K, there is 
a maximum in 1/t{ll!) along both axis, which becomes in- 
creasingly pronounced at lower temperatures. This max- 
imum of 1/t{uj) has already been observed by Bonn et 
al^ and was confirmed for 20, 30 and 50 K in a recent 
preprint by Nagel et alM-. If l/r(w) is generated by in- 
elastic processes, it should be a monotonically increasing 
as a function of to. The maximum therefore reveals the 
presence of interband transitions at ^^15 meV. The fact 
that this intensity develops as temperature is lowered be- 
low 100 K, suggests that this are transitions across the 
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FIG. 5. (Color online) Temperature-frequency colormap 
of the conductivity along the a- and the c-axis. The 

blue areas correspond to the loss of spectral weight as the tem- 
perature decreases. The dashed lines indicate the pseudogap 
crossover temperature T*. 



hybridization gap which opens at T^oh- Moreover, we 
observe a drop of 1/t(u}) when the temperature is low- 
ered below T* = 30 K for frequencies in the limit w — ^ 0, 
which could be attributed to an additional frequency de- 
pendent scattering at very low frequencies below 4 meV. 
This is not unexpected when the Landau quasi-particles 
are coupled to a reservoir of low energy collective excita- 
tions. 



IV. DISCUSSION 

The main result of this work concerns the decrease 
of the SW below T* ~30 K, approximately twice Tho 
and half Tcoh (—70 K). This is not the first observation 
of a noticeable phenomenon well above Thq'- (i) The 
infrared reflectivity at 20 K of Bonn et al. have in fact 
a weak minimum at ~ 10 meV (Fig.l of Ref. [28]). (ii) A 
^ 10 meV g ap wa s observed at ~ 22 K by point-contact 
spectroscopy^SEZl. Using the same technique Park et al^ 
observed the opening of a 12 meV gap at T~30 K, in close 
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FIG. 6. (Color online) Frequency dependent scattering 
rate along the a- and the c-axis at different tempera- 
tures, calculated according to the extended Drude formalism. 
A maximum in l/r(a;) along both axis below 30 K is ob- 
served, which becomes increasingly pronounced at lower tem- 
peratures. 



agreement with our optical data, (iii) Recent inelastic 
neutron scattering data reveal a quasi-elastic magnetic 
continuum due to spin fluctuations which persists up to 
~ 30 KP2. Whereas the DC resistivity and the specific 
heat reveal a clean second order phase transition at Tho j 
these probes show a smooth temperature dependence at 
T*, unlike our infrared data. 

Since the opening of an optical pseudogap is not ac- 
companied by an abrupt change in the DC resistivity, we 
conclude that either states at the Fermi level are not af- 
fected at all, or that the affected states contribute little 
to the DC resistivity. The latter scenario would imply 
that parts of the Fermi surface which become gapped 
have a very low mobility. The published specific heapSl 
data confirm this: if anything at all happens near 30 K, 
it would have to be a suppression of Cy/T. This ex- 
cludes scenarios whereby the effective mass increases be- 
low 30 K, and instead points toward a possible weak sup- 
pression of density of states at the Fermi level. The latter 
is also supported by by point-contact spectroscopy data, 
indicating a partial reduction of density of states at ep 
below ~30 kP. 

Above 100 K the magnetic susceptibility can be ex- 
plained by a model of 5/ moments. Due to the intersite 
coupling, these moments are expected to be transformed 
into a partially filled narrow band at a sufficiently low 
temperature. An important question is, to what extent 
the 5/ electrons are localized or itinerant for T^T ho- 
The model of Haule and Kotliar^Sl based on crystal-field 
split localized 5/-multiplets coupled to a bath of conduc- 
tion electrons was supported by low temperature scan- 
ning tunneling microscopy data'*'^ "^^ at and below Tho ■ 



However, recent observational of highly dispersive para- 
magnons indicate an itinerant form of magnetism for 
temperatures above Tho ■ This supports the notion that 
the transformation of 5/ moments to narrow bands takes 
place at the crossover temperature Tcoh ~ 70 K, opening 
a gap at ep due to hybridization with a partially filled 
wide band. This is believed to give rise to a hybridization 
gap, and is strongly supported by the fact that 1/t{uj) ex- 
hibits a maximum near 15 meV. The latter is compatible 
with a doubling of the unit cell along the c-direction, as 
observed under pressure in the antiferromagnetic ph ase^. 
Such doubling in the HO phase has been predictecpSl2ll 
based on temperature dependence of a narrow band close 
to the Ferm i ener gy seen in angle resolved photoemission 
experiments^^ESl^ ^jjj on reentrant behavior of the HO in 
a magnetic fielcP^l. 

The question remains: what happens at -and below- 
T* = 30 K? The hybridization gap has already been 
formed at the much higher Tcoh- It appears that part 
of the Fermi surface becomes depleted in a rather grad- 
ual way due to a fluctuation gap, such as for example has 
been proposed in Ref. US] Since the specific heat exhibits 
a clean second order drop at Tho without a fluctuation 
tail extending to high temperature, the amplitude fluctu- 
ations of the hidden order gap are an unlikely candidate 
for the suppression of the optical conductivity. 



V. CONCLUSION 

In conclusion, we have shown that in addition to a pro- 
nounced anisotropy, the optical conductivity of URu2Si2 
exhibits a clear suppression of spectral weight around 
15 meV for the a-axis and 11 meV for the c-axis. Most 
remarkably, we found that a partial gap emerges at 30 K, 
well above the hidden order temperature Tho = 17.5 K 
and whose amplitude seems to be T-independent and not 
affected by the hidden order transition. As this suppres- 
sion coincides with the development, at the same energy, 
of a maximum in the scattering rate, indicating optical 
interband transitions, we propose that this partial gap 
is a hybridization gap. We suggest that this electronic 
reconfiguration below 30 K is a precursor of the hidden 
order state. 
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